Although evapotranspiration-induced matric suction for single species has been widely studied, little is known about how mixed-species planting would affect the plant growth and induced matric suction. This study aims to explore the effects of grass-tree interaction on their growth and induced matric suction during evapotranspiration (ET) and rainfalls. Field monitoring was carried out to measure matric suction responses in compacted soil that was vegetated with (i) single tree species, Schefflera heptaphylla and (ii) mixed species of the trees and a grass species, Cynodon dactylon. In each condition, three tree spacings (120, 180 and 240 mm) were planted. When tree spacing increased from 120 to 240 mm, the peak tree root area index (RAI, for fine roots with diameter < 2 mm) decreased by 16%, but the peak grass RAI increased by 29%. At mixed planting plots, the ET-induced peak matric suction for tree spacing of 240 mm was 20% higher than that for spacing of 180 mm because of increased contribution of grass root-water uptake as the trees were more widely spaced. Without grass, a reverse trend was observed as tree-tree interaction reduced at wide spacings. The peak ET-induced matric suction had a significant linear correlation with RAI. During rainfalls, the highest matric suction was preserved for the case of 240 mm spacing due to the greatest reduction of soil hydraulic conductivity by roots.
D r a f t D r a f t D r a f t Introduction Soil bioengineering using vegetation has been recognized as an ecologically-and environmentally-friendly technique that can affect the stability of geotechnical infrastructure such as man-made/engineered slopes. In order to increase the ecological values and biodiversity, it is common to have multiple types of species, such as grass and tree, grown on these engineering structures. Grass that has relatively shallow root system may be effective for soil erosion control, while tree has relatively stronger and deeper root system which may be used for mechanical soil stabilisation. Despite of rather different root systems, transpiration would happen for both types of species, causing a change in matric suction (Pollen-bankhead and Simon 2010; Garg et al. 2015b ; Leung et al. 2015b; Ng et al. 2013 Ng et al. , 2014 Ng et al. , 2016a and consequently the soil hydrology (Simon and Collison 2002; Smethurst et al. 2015; Ng et al. 2016c ). The increase in matric suction due to plant transpiration would result in a decrease in soil hydraulic conductivity (Ng and Leung 2012) and also an increase in soil shear strength (Ng and Menzies 2007) . The hydrological effects of plant transpiration could thus affect both the hydrology and the stability of an earthen infrastructure.
When applying soil bioengineering technique using multiple species, it is crucial to determine any optimum plant spacing so as to maximise the beneficial effects of plant transpiration, while at the same time minimising any significant stresses to plant growth due to plant-plant interaction. Previous studies have shown that the spacing of one single species could discourage plant growth and hence reduce both of its aboveand below-ground biomasses (Azam-Ali et al. 1984; Darawsheh et al. 2009; D r a f t 2016b). This is owing to increased competition for water, nutrient and light resources from neighbouring plants (Farnham 2001; Green et al. 2001; Benomar et al. 2012) .
Under mixed grass-tree conditions, the tree spacing has shown to play a significant role on the growth and biomass production of grass. This is because of overlaps of the trees' and grasses' root systems and also shading of sunlight by the canopies of neighbouring trees (Scholes and Archer 1997; Ludwig et al. 2004) . Some studies (Grouzis and Akpo 1997; Schade et al. 2003) found an increase in grass biomass due to the beneficial alteration of resource availability and microclimatic conditions by trees. However, some (Eastham et al. 1990; Razados-Lorenzo et al. 2007) reported the opposite because of the less solar radiation received by grass and the intensive grass-tree competition for soil resources, such as water and nutrients. Clearly, the effects of tree spacing on grass biomass production are not conclusive and warrant more investigation, especially for the case under mixed grass-tree conditions. Plant spacing affects not only the plant growth but may also plant root-water uptake, and hence the amount of transpiration-induced matric suction (Azam-Ali et al. 1984; Ng et al. 2016b) . Recently, Ng et al. (2016b) has studied how the spacing of one single tree species affected matric suction responses. They concluded that closer tree spacing was more beneficial because (i) higher transpiration-induced matric suction was induced due to intense tree-tree competition and (ii) higher matric suction was preserved below the tree root zone during rainfall. At present, it is not well understood whether the same conclusions can be drawn under mixed tree-grass conditions. It is also not clear whether tree spacing would affect the grass and tree traits, some of D r a f t which are known to have direct influences on plant root-water uptake and induced matric suction (López et al. 2001; Garg et al. 2015b; Ng et al. 2016a, b) .
The objective of this study is to carry out field monitoring (i) to investigate the effects of tree spacing on any change in the growth condition of grass and trees and then (ii) to quantify and compare induced matric suction with and without the presence of grass under different tree spacing. To assist the interpretation of the field test data, any change in soil hydraulic conductivity due to different tree spacings was measured. In addition, plant traits including leaf area index (LAI) and root area index (RAI) were measured and used to interpret the matric suction induced during ET and rainfall.
Materials and methods

Site description
The field monitoring was carried out at the Hong Kong University of Science and Technology (HKUST) Eco-park at LOHAS Park, Hong Kong. The site has two purpose-build research facilities, namely a 2 m-height vegetated embankment (as was tested by Leung et al. (2015a) and Garg et al. (2015a) ) and a 10 m x 6 m (in plan) flat compacted ground. The field monitoring work reported in this paper was performed on the flat ground. The groundwater table was identified at 4.5 m depth from the surface of the flat ground. The monitoring period was from 14 th to 29 th April 2015 (i.e., 16 days). The average air temperature, relative humidity and solar radiation during the monitoring period were 23.6 o C, 77% and 15.74 MJ/m 2 , respectively. D r a f t 6 The flat ground was compacted with completely decomposed granite (CDG), which is a soil type commonly found in tropical and sub-tropic regions of the world such as Hong Kong, South Korea and Brazil. The average contents of gravel, sand, silt and clay of the CDG were 9.5%, 83.1% 5.1% and 2.3%, respectively. The liquid limit and plastic limit were 22% -30% and 42% -46%, respectively. Based on the measured particle-size distribution and the Atterberg limit, the CDG was classified as well-graded sand with silt (SW-SM), according to the Unified Soil Classification System (USCS; ASTM 2010a). The pH of the CDG is 6.0. Nutrient tests following the measurement methods suggested by Sparks et al (1996) and Buhrke et al. (1998) show that the contents of N, P (that are extractable by plants) in the CDG soil are 0.76, 0.53 mg/kg, respectively. On the other hand, the contents of total C, K and Ca are 1.2%, 7.0% and 0.96%, respectively. The CDG was compacted to a dry density of 1.8 g/cm 3 , which corresponded to a relative compaction of 95%. It has been shown that under this compaction level, the species tested in this study (i.e., Schefflera heptaphylla and Cynodon dactylon) were able to grow well in both the field and laboratory conditions (Ng et al. , 2016b Garg et al. 2015a, b; Leung et al. 2015a, b) . Leung et al. (2015a) reported the soil-water retention curve of the CDG. It was found that the air-entry value of the CDG was 1 -2 kPa. The field capacity was 20 -22%, corresponding to the matric suction of 23 -28 kPa.
In this field study, a tree species (Schefflera heptaphylla, also known as Ivy tree) and a grass species (Cynodon dactylon, also known as Bermuda grass) were selected for testing. These two species were selected because of their commonness in many D r a f t parts of the Asia and also due to their high ability of drought tolerant (Hau and Corlett 2003) . Both species were ecologically suitable for slope rehabilitation and reforestation at warm climates of the world (GEO 2011). Before transplantation, grass seeds were grown at a nursery for three months before the commencement of the field monitoring work. Tree individuals with similar heights were supplied by Tung Kee Garden Horticulture Ltd in Hong Kong. The characteristics of both the selected trees and grasses before transplantation to the site are summarised in Table 1 .
Test setup and instrumentation
The compacted ground was divided into four test plots, each with 1.5 m x 1.5 m area in plan. Three test plots were vegetated with the selected grass and tree species, while the remaining plot was left bare for reference. The three plots were covered with turf of C. dactylon. The initial length of grass shoot was 25 ± 12 mm. Then, tree individuals with a similar height of 600 ± 38 mm were transplanted to the three vegetated plots with three different tree spacings (120, 180 and 240 mm). Because the maximum lateral spread of tree roots was 92 -120 mm, the minimum spacing 120 mm selected was to avoid overlaps of root systems. In total, 240 tree individuals were transplanted to the three vegetated plots. Before the start of the field monitoring, the vegetation in all three plots was grown for four months and watered every three days in order to maintain the average matric suction similar to that at field capacity of the CDG. The irrigation schedule was favourable for the plant growth. The growth duration considered was sufficient for root establishment with the surrounding soil D r a f t after transplantation (Wang et al. 2007) . During the four-month growing period, leaf area index (LAI) of both the trees and grasses were measured every two months, following the same method described by Ng et al. (2016b) . LAI is a dimensionless index that is defined as the overall leaf area over the projected canopy area in plan. Figure 1 shows the instrumentation plan of the field monitoring. In the centre of each plot, an array (Array I) of three jet-fill tensiometers (JFT) was installed at 100, 250 and 450 mm depths. Prior to installation, their ceramic tips and plastic tubes were fully saturated and filled with de-aired water. Due to the possibility of cavitation inside each JFT when matric suction approaches 90 kPa, two heat dissipation sensors (HDSs) were installed at 100 and 250 mm depths right next to the JFTs. Each HDS could measure matric suction up to 2500 kPa (Fredlund and Wong 1989) . HDS has a porous ceramic body, which has a hypodermic needle that contains a heating element and a thermocouple. When matric suction increases, water inside the ceramic body would flow to the surrounding soil due to a hydraulic head difference, resulting in a decrease in the thermal conductivity of the ceramic body. Depending on the thermal conductivity, part of the heat released by the heating element would dissipate through the ceramic body. The remained heat inside the ceramic body would lead to an increase in temperature (∆T), which would be measured by the thermocouple. Matric suction can hence be correlated with ∆T through a calibration curve. Each HDS was calibrated in the laboratory using a pressure plate for a range of matric suction from 0 to 400 kPa. The ceramic block of each HDS was placed in contact with the ceramic disk that was fully saturated with de-aired water and embedded at the base of the D r a f t 9 pressure plate. Each HDS was then subjected to two cycles of drying and wetting by controlling the air pressure applied inside the pressure plate, while maintaining the water pressure to be atmospheric. The calibration shows that when matric suction decreases to values lower than the air-entry value (AEV) of the ceramic block (i.e. 15 kPa), nearly the same minimum ∆T would be recorded. At these matric suctions, water content change in the ceramic block would be negligible. This means that the thermal conductivity of the ceramic block remained essentially unchanged and the measured ∆T thus maintains at the same minimum value. This casts the lower limit of matric suction measurement (i.e. 15 kPa) made by each HDS. When matric suction is higher than 15 kPa, a linear relationship between suction (in logarithm scale) and ∆T can be identified. Moreover, it is found that despite of the porosity of the ceramic of a HDS, the effect of hysteresis on the calibration curves is negligible after the first drying/wetting cycle, consistent with the observation reported by Leung and Ng (2013) who calibrated the same model of HDS for different soil types using the identical calibration method as this study. After installing the JFTs and HDSs, the gap between each sensor and the surrounding soil was backfilled with cement to prevent any preferential water flow. In order to take into account any effects of natural variability of plants on matric suction responses in three vegetated plots, two additional arrays of JFTs (Array II and III) were installed at locations about 500 mm away from Array I of the same plot. In these two arrays, two JFTs were installed at 100 and 250 mm depths.
Unless stated otherwise, the term suction is used to refer to as matric suction.
D r a f t
Test procedures
In each plot, two-stage tests were performed. The first stage was to test on the mixed-species grounds. The tests considering the tree spacing of 120, 180 and 240 mm were denoted as M120, M180 and M240, respectively. Prior to testing, the soil was wetted by water ponding at the ground surface until all JFTs showed zero reading.
All plots were then left exposed to the atmosphere for monitoring for seven days from 14 th to 21 th April 2015. Any changes in suction were monitored. During the monitoring period on the 6 th -7 th days, two rainfall events happened. The first and second events had a total amount of 41 and 58 mm, respectively. The corresponding peak rainfall intensity was 9 and 12 mm/hr. At the end of the monitoring, grass shoots in all plots were cut and removed carefully without affecting the shoots of trees and the root systems of both the trees and grasses. After grass removal, the second stage of testing commenced. The tests with tree spacing of 120, 180 and 240 mm were denoted as S120, S180 and S240, respectively. Similarly, all pots were firstly wetted with water, and then followed by another seven-day of monitoring from 22 th to 29 th April 2015. On 27 th April 2015 (i.e., the 6 th day), rainfall with a total amount of 31 mm happened, with a peak intensity of 10 mm/hr. After the two-stage field monitoring, soil cores from depth 0 to 100 mm within the root zone were sampled from both the vegetated and bare plots for measuring the values of saturated hydraulic conductivity (k s ) in the laboratory. All soil cores were sampled using a cylindrical core cutter, which was 76 mm in diameter and 100 mm in height. The cutter was vertically penetrated into the ground to a depth of 100 mm.
D r a f t
Three replicates were collected from each vegetated plot and one from the bare plot (i.e., 10 cores in total). Each soil core was then extruded from the cutter in the laboratory and was used for testing the k s through falling head method according to ASTM D5084 (2010b). Each soil specimen was saturated with de-aired water in a permeameter. In order to provide good contact between the sample membrane and the sample surface and hence to prevent preferential flow between them, an effective cell pressure of 2 kPa was applied. When the Skempton B-value was higher than 95% during saturation, the measurements of k s started. A water head of 100 mm was applied at the upper hydraulic boundary of each sample, resulting in a total head of 200 mm. The total head at the bottom hydraulic boundary of each sample was maintained zero, resulting in an applied hydraulic gradient of two. By Darcy's law, the k s of all 10 soil specimens were determined. After the determination of k s , the dry density of each soil core was measured. It was found that the dry density of the laboratory sample was less than 2% difference to that found in the field. It is thus reasonable to use the laboratory measured k s to interpret field suction responses.
The values of root area index (RAI) of all the trees and grasses were determined after the field monitoring. RAI is a dimensionless index that is defined as the ratio between the total root surface area of fine roots (i.e., those with diameter < 2 mm that are responsible for root water uptake; Jackson et al. 1997 ) within a given depth and the cross-section area of the root volume in plan (Francour and Semroud 1992) . This index is an indication of the ability of root water uptake of plant roots (Garg et al. 2015a; Ng et al. 2016b ). In the field, roots were excavated using spades and shovels, D r a f t following the procedures adopted by Reubens (2010) . In order to minimize disturbance of roots, the excavated width was wider than the maximum lateral spread of the root systems while the excavated depth was deeper than the root zone. The excavated soil block that contained the entire root system was then transported to the laboratory for root washing. Soil particles attached to the roots were washed away using a hydroneumatic-elutriation based apparatus (Smucker et al. 1982) . After placing the soil block into the washing chamber of the apparatus, the soil was dispersed by a hydrovortex that was produced by pressurized jets of water. Roots were then separated from soil particles by flotation in a flow of small air bubbles in a horizontal tube. The soil particles left in the chamber were then evacuated through an exhaust. It is a much more efficient method, which gives results that are statistically similar to the tedious method of separation using hands. More detailed working principle of the hydroneumatic-elutriation based apparatus can be found in Smucker et al. (1982) and Chotte et al. (1995) . Then, RAI was measured by using image analysis (Image J; Rasband 2011). High-resolution images were taken 360 o around each root system to obtain a three-dimensional (3-D) image. The 3-D image was then discretized into grids with equal pixel size (12 pixels per unit mm of length in this case). The total surface area of fine roots at a given depth range can then be calculated by counting the total number of grids containing fine roots. Finally, by dividing the total surface area of fine roots at a given depth by planar cross-sectional area of the soil, RAI at any depth was determined.
Results and discussion
Observed root systems of tree and grass
Figure 2(a) shows the effects of tree spacing on the change in the tree root system. As the tree spacing decreased from 240 to 120 mm, the size of root volume decreased by around 30%. This is likely because when the tree spacing was closer, there was increased tree-tree competition, which might have suppressed the growth of tree roots, resulting in a smaller size of root volume. During the careful excavation of tree roots, evident decayed roots were identified for the case of close tree spacing of 120 mm as a result of intense tree-tree competition (Goldberg and Miller 1990; Ng et al. 2016b ).
The observed decay roots existed in dark brown or black in colour, which is visually distinguishable from whitish live roots. Also, the decay roots were much limper than fresh roots, which are normally non-brittle and crisp. When pulling a decayed root, a small force would break the circumference tissue rather easily, leaving only the central strand of water conducting tissue. On the contrary, relatively few decayed roots were found for the cases with wider spacing. shorter shoots and ~45% shorter roots than those grown under widest tree spacing of 240 mm (Table 1) . Decay of grass roots was also found for the case of 120 mm tree spacing. The observed reduced grass growth and root decay was likely because of the shading of sunlight due to the overlaps of canopies between neighbouring trees (Scholes and Archer 1997; Ludwig et al. 2004) . Intense grass-tree competition for soil D r a f t 14 resources, such as water and nutrients, due to close tree spacing might also reduce the production of the above-and below-ground biomass of grass (Razados-Lorenzo et al. 2007 ). This suggests that for the selected grasses and trees in this study, the competition between them have outweighed the beneficial effects of trees (i.e., alteration of resource availability and microclimatic conditions; Grouzis and Akpo 1997; Schade et al. 2003 ) on grass growth. Figure 3 shows the measured variations of the LAI of grass and tree with time during the four-month growing period. The initial mean LAI of tree and grass was 0.72 ± 0.13 and 0.36 ± 0.12, respectively. It is clear that the trees grown closer to each other (i.e., at 120 mm spacing) had less increase in LAI. This led to a final tree LAI of 1.3 ± 0.11, which was 15% -25% lower than that recorded in other wider spacings. This was likely because of the more significant tree-tree competition for soil moisture when tree spacing was closer. Also, close tree spacing caused overlaps of tree canopies, which led to the suppression of the growth of tree leaves underneath. There appeared to have no discernible difference of the tree LAI for the spacings of 180 and 240 mm because no overlap of tree canopies was observed in these two cases.
Measured plant traits
Tree spacing showed significant effects on the grass LAI. There was apparently no change in grass LAI when the tree spacing was close (i.e., 120 mm). As a result of the overlaps of tree canopies, the grass underneath has been almost completely shaded from the sunlight, preventing the grass from receiving the solar radiation and hence D r a f t suppressing its growth (Razados-Lorenzo et al. 2007) . Such shading effects reduced as the tree spacing was wider, allowing more sunlight to reach the grass underneath for better growth (hence higher grass LAI). Figure 4 shows the distributions of RAI of grass and tree with depth. It is clear that the RAI profiles of trees at any tree spacing exhibited a similar parabolic shape, all consistently peaked at around 90 mm depth. Increasing tree spacing from 120 to 240 mm resulted in ~15% increase in root depth ( Fig.4; Table 1 ). It appeared that the tree RAI in the top 110 mm was more substantially affected by tree spacing, whereas that below 110 mm depth were similar between the three cases. When the tree spacing was the closest at 120 mm, the peak RAI was 14% -20% higher than that identified in other two wider spacing cases, despite of the smallest size of root volume (refer to Fig. 2(a) ). This was because the significant tree-tree competition for close tree spacing might have activated the production of abscisic acid for tree root proliferation and survival (Munns and Sharp 1993), hence resulting in the substantial increase in RAI.
The RAI profiles of the grass were markedly different from those of the trees.
The grass RAI reduced with depth almost linearly in the top 100 mm of the ground and the peak RAI was always found in the ground surface. The magnitude of grass RAI was strongly affected by the tree spacing, but in a way opposite from that on tree RAI. Peak RAI of grass increased by 29% as the tree spacing increased from 120 to 240 mm. This demonstrated an evident interaction and growth pattern between the grass and tree. As the trees were grown further away from each other, the grass-tree competition reduced, hence encouraging the grass growth and leading to higher LAI D r a f t 16 ( Fig. 3) , higher RAI ( Fig. 4) and deeper root depth ( Fig. 4 ; Table 1 ). Figure 5 shows the effects of tree spacing on the measured k s of the vegetated soils.
Measured saturated hydraulic conductivity
The values of k s of the bare soil measured in the present study and that by Leung et al. (2015a) , who adopted the Instantaneous Profile Method (Ng and Leung 2012) to measure the k s of the same soil type at the same dry density, were given for comparison. It is found that k s of vegetated soil can be higher or lower than that of the bare soil, depending on the tree spacing. There was a clear trend of reduction of k s as tree spacing increased. When the tree spacing was wider (i.e., 180 and 240 mm), k s of the vegetated soil was lower than that of the bare soil. The same trend was found in the field tests reported by Rahardjo et al. (2014) and Leung et al. (2015a) . Rahardjo et al. (2014) showed that the silty soil vegetated with either Jasmine or Vertier grass had a k s almost one order of magnitude lower than the bare soil. The vegetated sandy soil tested by Leung et al. (2015a) also had a lower k s than the bare soil, though by no more than 45%. A plausible reason for the observed consistent trend is attributable to the blockage of soil pore space by roots (Buczko et al. 2007; Scanlan and Hinz 2010; Leung et al. 2015a; Ng et al. 2016b) . Another possible reason is that the hydrophobic organic compounds released by roots, such as sugars, amino acids and phospholipids (Bengough 2012) , may also decrease the k s observed in the vegetated ground. This is especially the case for tree spacings of 180 and 240 mm where decayed roots were less evident.
D r a f t
In contrast, the measured k s of the vegetated soil at the spacing of 120 mm in the present study was evidently higher than that in the bare soil. The observed decay roots for spacing 120 mm (see Fig. 2 ) likely created preferential flow channels (Ghestem et al. 2011; Wu et al. 2016 ), hence causing an increased in soil hydraulic conductivity.
This effect might have outweighed the effects of the blockage of soil pore space by plant roots or the release of hydrophobic organic compounds on the decrease in k s . Some previous field studies (van Noordwijk et al. 1991; Mitchell et al. 1995; Vergani and Graf 2015) also showed higher infiltration rate in vegetated soils than in the bare soil. However, it must be emphasised that these previous studies focused on one single mature plant (i.e., not multiple plants like the present study). The observation found from the previous studies, although similar to what were identified in the present field study, was not because of the effects of plant spacing but was attributable to aging effects, which have also led to decayed roots and preferential water flow. Among the three vegetated grounds, the one with the closest tree spacing (120 mm) D r a f t showed the greatest rate of suction increase and induced the highest amount of suction that peaked at 87 kPa. This may be because of the markedly higher RAI (hence higher root surface area for water uptake) of tree roots when trees were grown closer to each other (see Fig. 4 ). In this case, the root-water uptake by grass was likely to be minimal because of the significant suppression of grass growth when trees were grown closer to each other (see Figs 2(b), 3 and 4). A further increase in tree spacing to 180 mm, however, resulted in a peak suction (57 kPa; see Fig. 6(a) ) 16% lower than the case with 240 mm spacing (68 kPa), even though the tree RAI for 180 mm spacing was around 5% higher. It must be emphasised that an increase in tree spacing led to an increase in grass RAI, unlike the case of trees that their RAI reduced. This means that as tree spacing increased, the effects of grass root-water uptake became more prominent, causing more significant influences on induced suction.
Effects of tree spacing on ET-induced suction response
The measured suction responses of the bare and vegetated grounds during the second stage of monitoring (when grass was absent) are shown in Fig. 6(b) . The suction induced by trees alone in this case was generally higher than those found in the mix-species condition. Plants use water mainly for metabolic processes, which have been found to be more evident when there is less inter-species competition for water (Qiu et al. 2011; Hölttä and Sperry 2012) . This seems to imply that the tree would have a higher metabolic rate in the absence of grass, leading to demand of water and hence higher suction than those measured in the grass-tree condition.
Similar findings are also supported by Hector et al. (2002) and Mazzacavallo and Kulmatiski (2015) , who consistently showed that in mixed plantations, inter-species D r a f t competition reduced the production of both species and also their root water uptake abilities. The higher suction observed in the second stage of monitoring could not be attributable to any increased water uptake ability due to tree growth. This is because the two monitoring periods were separated by less than 20 hours and any tree growth was minimal. The climate condition during the two periods was indiscernible, and thus could not be a major factor leading to the observed suction differences.
When comparing the suction responses among the three vegetated grounds, the peak induced suction increased with a decrease in tree spacing. Since the grass was absent in this case, the major contributing factor to the amount of induced suction should be related to tree RAI. It appeared that the higher the tree RAI, the higher the peak ET-induced suction would be. Such correlation was not found from the first monitoring period when grass existed ( Fig. 6(a) ). The comparison of the suction responses between the two periods highlights the significance of grass-tree interaction.
Under mixed grass-tree conditions, trees having a wider spacing would reduce grass-tree competition and hence encourage the growth of grass roots (Figs 3 and 4 ).
This would result in combined effects of grass and tree root-water uptake on induced suction.
Effects of tree spacing on suction responses during rainfall
Comparisons of the measured responses of suction between the bare and vegetated grounds at 100 mm depth during the first monitoring period (when grass existed) are shown in Fig. 6(a) . After subject to the relatively intense rainfall with a peak intensity D r a f t of 12 mm/hr, no suctions were preserved in both the bare and vegetated grounds, regardless of the spacing of trees. This implies that the different size of tree canopy as a result of the different tree spacing did not have significant interception effects on the suction response. However, it appeared that the closer the tree spacing, the greater rate and greater amount of suction drop would be. The vegetated ground with the closest spacing of 120 mm took 16 hours to reduce all the suction, whereas that with the wider spacings of 180 and 240 mm took 8 hours longer. There were two counteracting factors in affecting the suction responses, namely the initial ET-induced suction before rainfall and the vegetation effects on k s . It has been experimentally demonstrated that for a given soil, the higher the initial suction before rainfall, the higher the suction preserved would be, due to the reduction of the soil hydraulic conductivity (Ng et al. , 2015 (Ng et al. , 2016b . This is opposite to what is shown from the field data presented in the figure. Even though the suction induced by grass and tree ET for the case of 120 mm was the highest, the rate of suction drop was the greatest and the amount of suction preserved was the lowest. This is because the increase in k s due to closer tree spacing (see Fig. 5 ) was much more significant than the drop of unsaturated hydraulic conductivity due to ET-induced suction. Figure 6 (b) compares the suction response during rainfall after grass removal in the second stage of monitoring. As the rainfall intensity was smaller and the duration was shorter in this case, the suction drop was less significant than that recorded in the previous monitoring period (refer to Fig. 6(a) ). As can be seen in Fig. 6(b) , some suctions were preserved in all three vegetated grounds and they were consistently D r a f t 21 higher than those preserved in the bare ground, regardless of the tree spacing. It can be observed that the closer the tree spacing, the lower the suction preserved would be. Figure 7 shows the vertical distribution of suction before and after 10 hours of rainfall (i.e., when the first rainfall event in the first monitoring period ended) with and without the presence of grass. Under mixed grass-tree conditions (Fig. 7(a) ), suctions in the top 250 mm depth in all bare and vegetated grounds were affected by the rainfall, whereas the suctions at 450 mm depth apparently unchanged. Under this particular rainfall event, the presence of vegetation appeared to have negligible effects on the depth of influence zone of suction, which was consistently shallower than 450 mm depth in all four cases. At depths both within and below the root zone of trees, the magnitude of suction preserved was higher when tree spacing was wider. The same trend is found when the grass was absent (see Fig. 7(b) ). This further suggests that the amount of ET-induced suction before the rainfall was comparatively less important for the suction responses during rainfall than the effects of tree spacing on the change in k s (Fig. 5) . The laboratory study conducted by Leung et al. (2015b) also showed that the effects of vegetation on the change in soil hydraulic properties, including not only soil hydraulic conductivity but also soil water retention curve (SWRC), played a more significant role in the suction responses under rainfall, compared to the effects of ET.
Recent studies (Scholl et al. 2014; Ng et al. 2016e ) have demonstrated that the shape of a SWRC could change significantly with the volume of roots present in the soil. Ng et al. (2016b) , who also investigated the effects of tree spacing on suction responses but without grass, recommended that it is more beneficial to have closer D r a f t 22 tree spacing to preserve higher suction below the root zone of trees after rainfall. The present field study, however, did not share the same view because under mixed grass-tree conditions, the suction preserved both within and below the root zone of trees was the lowest when trees are closely spaced (Fig. 7(a) ). Instead, it appeared to be more beneficial to have wider tree spacing to reduce grass-tree interaction, which would encourage grass growth (Figs 3 and 4) , minimise the number of decayed roots ( Fig. 2) and hence lead to the greater reduction in k s (Fig. 5 ).
Discussion
In order to improve the understanding of the effects of tree-grass interaction on the hydrological responses of soil, the peak ET-induced suction is related to tree RAI at 100 mm depth in Fig. 8 . Regardless of the presence of grass, there appeared to have a positive linear correlation between the measured suction and tree RAI. Together with the test data reported by Ng et al. (2016b) , who tested the same tree species grown in the same soil type as the present study, the correlation was highly significant (with p-value < 0.001). Tree RAI was thus an important below-ground trait that primarily governed the magnitude of ET-induced suction. In fact, RAI is a measure of the surface area of fine roots, which has already been demonstrated to govern the ability of plant root-water uptake (Jackson et al. 1997) . Figure 9 shows that measured RAI of Schefflera heptaphylla appears to correlate with measurements of root biomass per soil volume reasonably well, with a p-value < 0.002. This seems to indicate that one might use root biomass, which is a relatively common and easily measured root index D r a f t than RAI, to correlate with matric suction.
During nutrient uptake, a change in ion concentration in the xylem would induce certain amount of osmotic suction in the plant. In general, herbaceous species (such as Cynodon dactylon investigated in this study) usually has lower osmotic suction than woody species (such as Schefflera heptaphylla) (Fereres et al. 1979 ). However, it should be noted that osmotic suction in plant is important only when the soil is fertile and when transpiration is not significant (e.g., during nighttime or high relative humidity condition; Tyree and Jarvis 1982; Taiz and Zeiger 2002). Since the CDG investigated in this study is infertile, any osmotic suction induced in the grass and tree species is expected not to be significant. Also because of the low nutrient content in the CDG, any change in osmotic suction in the soil due to change of salt concentration in water by nutrient uptake should be minimal (Schlesinger et al. 1996; Jobbagy and Jackson 2001) . Figure 10(a) relates the amount of suction preserved after 10 hours of rainfall with tree RAI at depth of 100 mm. No correlation can be found in the present study, regardless of the presence of grasses, as well as the study carried out by Ng et al. (2016b) . This appeared to be contradictory with the results reported by Ng et al. (2016a) , who showed that for single species condition, there was a linear correlation between suction preserved and RAI. In an attempt to explain such contradiction, the suction preserved was related with k s in Fig. 10(b) . Unfortunately, Ng et al. (2016b) did not report the values of k s in the vegetated ground. Thus, only the results obtained from this study were shown in Fig. 10(b) . A significant correlation (p-value < 0.002) D r a f t can be found, showing a clear trend that the suction preserved reduced with an increase in k s . This suggests that upon wetting, the effects of preferential water flow created by the decayed roots due to tree-tree or tree-grass interaction affected the suction preserved much more prominently than the effects of RAI. Since there was no plant-plant interaction for the single species case tested by Ng et al. (2016a) , no significant preferential flow took place and this explains why RAI in their case was the predominant factor governing the suction preserved.
The field data shows that the increase in k s appeared to be significant only within the top 0.1 m depth of the root zone due to the presence of decayed roots for smaller tree spacing case. However, it should be noted that in slope situation, this kind of root-induced increase in k s or infiltration rate may not always necessarily jeopardize the slope stability. First of all, within the root zone, root cohesion contributed by mechanical reinforcement or/and hydrological effects of transpiration-induced suction might offset more than the effects of root-induced increase in infiltration rate (Simon and Collison 2002; Ghestem et al. 2011) . Secondly, the root zone that contains decay roots may act as a sponge-like layer that could reduce erosive energy and improve slope stability, depending on slope angles (Sakals et al. 2006) . Finally, in longer term from ecological perspective, the decay roots may turn into organic substance, contributing to plant nutrients and improving soil fertility for sustainable growth of tree. This would help maintain the nutrient cycle in soil and ecology (Ostertag and Hobbie 1999; Chen et al. 2001 ). In the future, the observed changes in k s or infiltration rate due to different plant spacing can be verified using in-situ double-ring D r a f t infiltration tests (such as those conducted by Leung et al. (2015a) ), which might give a better indication than tests on small laboratory samples obtained from cores.
Conclusions
This study presents and interprets a set of field monitoring data concerning on the effects of grass-tree interaction on plant growth and induced matric suction under different tree spacings (i.e., 120, 180 and 240 mm). Plant traits including LAI and RAI (for fine roots with diameter > 2 mm) and saturated hydraulic conductivity (k s ) were measured to help interpret the observed matric suction responses upon ET and rainfall.
In terms of plant growth, a decrease in tree spacing from 240 to 120 mm led to a decrease in the size of root volume of trees by 30%, but the peak tree RAI increased by 20%. Closer tree spacing increased the grass-tree interaction and the overlaps of tree canopies shaded sunlight received by the grass underneath. This discouraged grass growth, resulting in 23% reduction in grass RAI and 45% shorter root length.
When the trees were spaced closely at 120 mm, decay of the roots of both grass and tree was identified. This has led to a significant increase in k s , as compared to that in bare soil. In contrast, for the cases of wider tree spacings of 180 and 240 mm (where grass-tree interaction was less intense and fewer decayed roots were found), the presence of roots caused a reduction of k s .
Trees closely spaced at 120 mm always induced the highest peak matric suction upon ET due to significant tree-tree or/and tree-grass interaction. Without grass, the D r a f t peak ET-induced matric suction increased with a decrease in tree spacing. With mixed planting, however, opposite trend was observed for spacing 180 and 240 mm. This is because of the better grass growth (hence higher grass RAI) as the trees were wider spaced. Root-water uptake from grasses became more prominent, hence leading to an increased ET-induced matric suction. Nevertheless, regardless of the presence of grasses and tree spacing, the peak ET-induced matric suction has a linear correlation with RAI.
Upon rainfall infiltration, it appeared to be more beneficial to plant grass and trees with wider spacing (i.e., 240 mm) because higher amount of matric suction could be preserved. It is crucial to reveal that matric suction preserved after rainfall did not necessarily to be higher, even though the matric suction induced by close tree spacing cases before rainfall was higher. It is also important to identify that under mixed grass-tree condition, the matric suction preserved has no correlation with RAI, as was however identified for individual tree case. This is because the effects of the changes in k s under different degrees of tree-grass interaction were likely to control the ability of soil to preserve matric suction, as compared to effects of RAI. Leung, A. K., Garg, A., Coo, J. L., Ng, C. W. W., and Hau, B. C. H. 2015a . Effects of the roots of Cynodon dactylon and Shefflera heptaphylla on water infiltration rate and soil hydraulic conductivity. Hydrological processes, 29(15): 3342-3354. Leung, A. K., Garg, A., and Ng, C. W. W. 2015b . Effects of plant roots on soil-water retention and induced suction in vegetated soil. Engineering Geology, 193: 183-197. López, B., Sabaté, S., and Gracia, C.A. 2001 Ⅱ Ⅱ Ⅱ Ⅱ Ⅲ Ⅲ Ⅲ Ⅲ
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